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SUMMARY

This paper is a progress report on the implications of inlet noise
reduction on aircraft direct operating costs (DOC). It considers treated
inlet rings, various other inlet noise reduction concepts, and forward-
speed effects. The paper has been limited to relatively well-established
approaches to inlet noise reductior, such as acoustic liners and fixed-
geometry/high-subsonic-speed inlets which are the focus of considerable
current research activity. All of the concepts discussed will be of a
"passive" nature, i.e., no moving parts or electrical feedback systems.,
More futuristic approaches may include variable inlet geometry, inlet sprays,
and in-duct cancellation. These "active" approaches may be applied at some
future time after the passive approaches have been more fully exploited.

INTRODUCTION

Inlet noise is a contributor to the total noise signature of commercial
Jet transport aircraft that must be controlled to achieve community accept-
ability and to meet current and future federal noise regulations, Efforts
to control inlet noise are either at the source through proper design of
the rotating components so as to minimize the generation of noise or by
appropriate modifications within the inlet duct so as to inhibit the radia-
tion of turbomachinery noise from the inlet face. The last decade has
witnessed efforts by the universities, the government, and private industry
to identify, develop, and implement a variety of methods for inlet noise
control. An imaginative research effort continues to improve on established
methods and to produce new ideas.

The purpose of this paper is to present a progress report on current
efforts by describing various approaches to noise control within the inlet
which show promise for future applications. Included in the discussion are
treated inlet rings, vefracting inlets, variable impedance liners, hybrid
inlets, and forward-speed effects. Not included in this paper are the more
futuristic approaches to inlet noise reduction which would involve variable
geometry, inlet sprays, in-duct cancellation, and the like. A summary of
these concepts is given in reference 1.
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As a reminder of the nature of the problem, a schematic example of a fan
noise narrowband spectrum that may occur within an inlet 1s shown in figure 1,
Superimposed upon a background of broadband noise are pure tones occurring at
multiples of the blade passage frequency. Among the more important sources of
these tones are the interaction of rotating blades and statioiary vanes with
upstream generated wakes, atmospheric turbulence and ground vortices, wall
boundary layers, and iuflow distortion resulting from crosswinds and angle of
attack. On occasion combination tones can be observed which occur at the sums
and differences of the harmonics of tones from multistage devices. When the
relative Mach number into the fan blades becomes supersonic, shock waves
created at the blade leading edges spiral down the duct to form "multiple pure
tones" (MPT). This fundamental MPT occurs at the shaft speed, and there may be
higher harmonics which create a very ragged sound spectrum and have a "buzz-
saw" sound. In-duct levels of broadband noise on the order of 120 to 130 dB
have been measured. Tones may extend 10 to 15 dB above these levels. Overall
noise levels near the fan of 150 to 160 dB are not unusual. In this paper,
methods of reducing fan noise within the inlet duct are described, whereas
methods of reducing the noise at the source by modifications to the fan itself
are not considered.

SYMBOLS AND ABBREVIATIONS

c speed of sound

D inlet diameter

f frequency

1 length of acoustic treatment

m spinning mode number

M Mach number

BPF blade passing frequency

DOC direct operating cost

EPNdB unit of effective perceived noise level
PNdB unit of perceived noise level

PNLT tone-corrected perceived noise level
SPL sound pressure level

QUIET ENGINE PROGRAM

Several years ago Lewis Research Center completed the Quiet Engine Program.
One of the program objectives had to do with the exploration of inlet splitter
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rings for noise suppression, A photopraph of one of these engines with threc
inlet rings 1s shown In flpure 2, At that time the state of the art indicated
that inlet rinps were requlred to substantlally reduce inlet noise below the
standards of Federal Aviation Repulation Part 36 (FAR 36; ref. 2). This belief
was based in a large part on thc results [rom duct theory and experiments being
used for noise reduction prediction, Flpure 3 (ref, 3) depicts some results
from this inlet ring studv. Perceived noise level is plotted as a function of
azimuth angle measured from the inlet axis. There was a significant reduction
in noise at all angles for the wali-ouly treatment. The inlet with splitter
rings yielded noticeable additlional reductions between 10° and 50° only, A
conclusion that may be drawn from thesce results is that adding the complexity
of inlet splitter rings produced small additional noise reductions. This
result may have been due to the fact that the wall treatment performed much
better than expected or that perhaps a noise floor was encountered at the level
reached by the wall-onlv treatment, thereby preventing further reduction by the
rings.

Using 1972 acoustic technology from the Lewis Quiet Engine Program, acous=
tic and economic trade-offs were calculated by the General Electric Company as
shown in figure 4 (ref. 4). The curve indicates the trade-of f between DOC
and noise reduction achieved by the use of acoustic treatment. This curve is
based on the experience with the low fan cip speed used on Quiet Engine "AL"
The initial point on the curve is for the untreated engine configuration. Sub-
sequent points are for incremental additlions of acoustic treatment with the
final point representing a three-ring inlet and a two-ring exhaust duct.

A result from this analvsis is the penalty on DOC incurred through the use
of 1972 acoustic treatment technology to achieve noise levels 10 dB or more
below the standards of FAR 36, The curve indicates that the economic cost of
reaching this noise level is too high. This paper will attempt -to show that
the slope of this curve is being changed by current research. The exact change
is not known but definite improvements are indicated. Another Quiet Engine
Program may be appropriate in the future to determine more precisely the new
acoustic and economic trade-offs,

Figure 5 (ref. 4) shows predicted attenuation of sound power as a function
of frequency based on 1972 noise source assumptions allowing only axisymmetric
modes. The amount of attenuation obtainable simply depended upon the amount of
treatment that could be put in an inlet, and for hirher frequencies large
amounts of treatment would he required to produce only modest amounts of noise
reduction. The data points above this curve indicate acoustic measurements
with the quiet enpinc, two fans, and a JTAD envine. The noise reduction results
were much better than predicted, The discrepancies between the predictions and
the measurements caused a re-evaluation of the duct theory assumptions. A
probable explanation for the vverly conservative prediction is the noise-source
assumption. Fipure 6 indic.tes schematically the actual acoustic pressure
pattern penerated by rotor-stator interaction or a supersenic-tip speed rotor,
When these spinning mode patterns are accounted tor in the theorv, the maximum

possible sound attenuation is incrcased. FPipure 7 (ref. 5 shows the effect
of the presence of spinniny modes in the sonrce on maxinum sound power attenua-
tion as a tunction of trequency. The lowest curve represents the axisvmmetric
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gource assumption that was pades with the presions theory.,  The same cxperimental
data has been plotted on the cmpves shoving that this sound deseription can
account for the level of oxperiment o) data,  Yhen it becomes posaible to measure
the noise sources Inside of these tahom biines 1t may become apparent how good
these new theoretical assumpt fong e Uork o corrently underway to measure
these noise sources statbceolly amd hopetully, in the future, in a {light
environment.

ADVARCED LEHEE GONCEPTS

In this section consideration will be glven to progress made on advanced
duct liner concepts for improving the sound absorption efficiency of nacelle
acoustic treatment. The goals of thisz work are to broaden the bandwidth of
absorption, to improve low-frequency abzorption characteristics, and to achieve
more absorption with less welpht and volume ol Lreatment, An extensive review
of duct acoustics and duct liner concepts {0 piven in reference 6. More recent
advances are contained in references toand 7.

Refracting Inlet

A relatively new noisc reduction concept termed a "refracting inlet" has
been proposed in reference #. The hasic phenomenon to be exploited in this
inlet is illustrated in the sketch at the upper lett of figure 8. In the
experiment depicted, a sound wave traveline npsatream in the narrow portion of
the duct is seen to be refracted toward the lower wall after passing through
the throat. It is believed that this retraction is caused by the velocity
gradients present near the throat, particnlarly near the lower wall., The

aqount of refraction is a function ol sound wavelenpth and flow speed. This
experimental result suggests that it mav he possible to use controlled refrac-
tion of sourd waves to reduce inlet noise os shown in figure 9. The data of
figure 9 are hased on recent laboratory testa. By suitably tailoring the
gradients in the inlet flow, noiue propniting within the inlet is redirected
towards wall acoustic treatment. In another case the radiated noise could be
directed away from the ground. DIy ditecting more sound energy onto a liner,
the efficiency of acoustic treatment minht Lo sipnificantly enhanced. Research
is currently underway to explore more fullw the pertormance and practicality of
the refracting inlet concept.

Vardab e fmpedanes :

One approach to increasimy Vivor alverpton i the variable impedance
concept Lllustrated schematicall - din viypore o dn its simplest form, segments
of liners having, different fmpedanees oe placed asially along, or circumferen-
tially around, the inlet. One can conecive o corbinine these two discrete
patterns and smoothing over abvupt choameo . ar linet properties to produce a
continuous variation in impodance.  The cororuble desipned chanpe in impedance
is believed to break up the ordorte cc ot e v found ina unitormly lined
duct and may redistribute tome of the woo tos emerey into cutotf modes.  The
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axbally sepmented Doy b hoen o tadied theoretleally and experimentally
beecause Lt in an v ot vhich e gedat tvely eaay to got up o o lahoratery
or to examine theoret o b e cont Inuons vartatton of fmpedance may emerpge
an a4 usetul concept gl e wece cophibet beated fahrleat fon techndgueg and deslpn

procedures become e bl i p ot tonlar balk absorbing materlals are
re=cmergine o candidatos bar cneiae intets bocause of new material avallabllity,

Bulk materials, contd boomade o have cont tumonsly varylng impedance tallored for
a particular nolge womoe,

Data on three a~iadbbe comented Pinors, obtained using the 30,48-cn-dlameter
(12 inch) rescarch compreacor o the bangley anechole notse facillity, are shown
In figure 11, By plocine woions combinatlons of segmented treatment in the
compressor lulet, o parwmctric stady of gegmented liner cond fpurations was
conducted tn cooperation with the General Electrie Company,  The spectra in the
figure are for » had wall inlety a uniform Liner, and one of the acoustically
better three-seement Tinern, 10 can be seen that the three-sepment liner
produces greater noise reduction than the uniform liner in the low- and mid-
frequency range, as wounld he expected because of the two thicker treatment
gections. Morcover, the hich-frequency attenuation is maintained with the
segmented Jiner cven thoush o swal ter amount of high=frequency treatment is
present. Onc ol the aims of current research is to expand to higher values the
frequency ranye vver vhich cepmentoed treatment produces significant additional
noise reduction. ara snch as these suggest that multisegment liners may be
superior to unitorm liners and that the concept deserves further careful inves-
tigation. Probably the most urpent need at the moment is for well-controlled
tests of multisepment and wniform 1iners optimized and tested for a known noise
source in order to wet o true comparizon of their relative merits. 1t will
take cpecial care to Jdo thiv statically In view of what is now known about the
effects of inlet twbalence o turbomachinery noise generation,

Nvbrid Inlets

In a hvbrid intet borl aconstic treatment and high subsonic velocity air-
flow are combined to tedine noise. By operating at average throat Mach numbers
somewhat less thon 1.0, the acrodynamic performance penaltics assoclated with
the sonfc inlet are minimiod,  Figore 12 (ref, 9) shows a comparison between
a near-sonic inlot el o Wb id intetr for the NHASA QCSEE engine.  This figure
indicates o relativels ot reduction in total pressure recovery atter treat-
ment was added.  In othic ane the noise reduction achieved as a result of the
high subsonic apecd aivt D o ic ammented by sound absorption at the acoustically
lined walls. ‘These ocon tie character isties of the hybrid fulet are indicated
in Figure 13 which choco dote vor am experdmental hybrid inlet compared with
data tor i hard-wabl Loeseling o hiah subsonte Mach number Intet.  in this case,
the bascline intet vae toael to produce SPL noise reductions ot up to JO dB at
an average thro Stach voebor o aodh 0 With the addition of wall treatnent,
additional noine vodhi tivoc 0 abtafeed throughout the oporating rang:e as
indicated by the npper corees The tall putential of the hybrid inlet concept
remiaing to be o plered. there e several directions for further research using
the hybrid fulet concopte anhoaes the conbined use ot sepmented acoust fe treat-
ment to frprove ool ttoation, and wind tunnel or tlipht testing to optimize
aerodynamic and et i portormance in the presence of torward speed,
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Liner Do

This discussion would not be conplete withon' mention oo e nan® novel
Liner dosipns of Lo Wirt of the ool hood-CalTtornta Cowpany crer . Ty, aire'a
tavent bveness has produced o nueber ol anbgque peopctrieal v b o the
He mholtz resonator which are bebng consbdered as condidaten tar indet treatment .,
Among, those are PernobLique, dehizophonim, and Can oa=lel,  tacne canen reler
to the peometrical deslyn of the s iy cavibies, Thes have heer toand o
havae excellent low=trequency nolse reduct Ton quatitice,

FORUARD=SPELD EFFICTS

The flight nolse data presented wewe medasdared by the bonglos Sfreratt
Company (ref. 3), The measuring tochnfque enploved included o sories ol ground
mic.,ophones and sophlsticated techmbques tor tracking the afcevatt Llhicht path,
including the alrplane pusition and speed relative to the obnervation point,
Engine corrected speced was carefully controlled and atmoapheric weather con-
ditions were monitored,

The static noise data were mcasnved on an engine test stoand wvith tar-tield
microphones. In order to compare static data with flivht adate, It wvae necessary
to project the static data to [light conditions. The procedure: nsed accounted
for the number of enyines, airveraft fiight path, atr specd and altitade, atno-
spheric absorption, Doppler shift, and acvustic patiu lengtn, Aphropriate
corrections were also applied to the jet noise compounent ot L spectra to
account for the effect of relative velocelty on this noise cemposort.

Flight data on a CFb-0 enpine were oblained on oo 0=10 Dascallat ion where
the nacelles have [izod jcometre inlets ami aconstic treatvent o b conl owalls,
A comparison o flipht and projected static PLLT tiwe histories in shoewn in
figure 14. For this cugine, the tlight data are 3 Lo 32 PNAB less tlan the
static projection dependiny on the time or position at wiaicio the conpo ison s
made. Figure 13 shows a spectral conparisen ot Lhese data at aa inlet anpgle of
about 700, cocrespondineg to the peal inlet fan noise, Wnile Loe ataife data
clearly reveal the presence ol the Tan fundamental tone, it is thsent in the
flight data. Ac frequencies higher than tihe Tan fundamentsl fregaency, the
projections Vrum Lhe stativ Jata remtin hicher thom the YTicnt data,

The trends of figure 15 werce alse obhserved when the speetra vere conpared
at the maximum PNLT values. The maximum values correspond to alt-iadiated -
noise for this enpine.  Thus, a major diflcerence between Frioht ond static data
is the abscnce of the fan fundamental tone in the tlisht data.  he ahoence ot
this tone probably accounts for a sipnilicant part o the roductien in tlivhe
PNLT values relative to the :tatic profection.,

The presence uf the tan fusdarent ol in he o tatie dara cneeests that it had
to be produced bv a ditterent noise source during static tostiog that was absent
during flight tests.  The source is thorghl to he fnrtow dictortion or atro~
gspheric turbulence.
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Aside from the disturbing conclusion that static fan or engine data are
to some degree unreliable because of unsteady inflows, the important conclusions
from flight data are that these unsteady inflows are minimized and that acoustic
"eutoff" can be realized to yield noise levels substantislly less in flight than
would be expected from projection of the static data to flight,

Research is currently underway (ref. 11) to explain static noise results.
The product of this work will, hopefully, improve the quality of future fan and
engine static tests.

CONCLUDING REMARKS

This paper has presented an overview of certain passive, advanced concepts
for the suppression of noise within the inlets of gas turbine engines. A
status report of research on inlet acoustic liners and high subsonic Mach number
inlets has been given. Some directions for improving these suppression methods
have bizen pointed out and certain research and operating problems have been
highlighted. Attention has heen drawn to several ideas which may find practical
application in the future and some optimism has been shown regarding minimizing
operating losses for engine noise reduction concepts. These concepts can be
expected to improve the relationship between noise reduction and direct operating
cost.,
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SCHEMATIC
FAN NOISE SPECTRUM

SPL,dB

i LOG FREQUENCY, Hz

Figure 1.~ Fan inlet noise.

Figure 2.~ NASA Quiet Engine with inlet rings.
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Figure 3.~ Effect of inlet suppressor configuration from Quiet Engine Program.
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Figure 4.- 1972 relationship between estimated
perceived noise level and direct operating
costs from the Quiet Engine Program.
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o i Figure 5.~ Comparison of suppressor theory with data.
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Figure 6.~ Spinning lobe or mode pattern.
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SPINNING MODE NUMBER. m
1000 -
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Figure 7.~ Effect of spinning mode number on theoretical
maximum sound attenuation.
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v REFRACTING INLET CONCEPT
‘_GE: Figure 8.- Wave refraction by veloclty gradients.
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10 - LINER IN DUCT WITH CONSTRICTION
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Figure 9.~ Imprevement of linear effectiveness
by refraction; M = 0.35.

CIRCUMFERENTIAL
SEGMENTATION

CONTINUOUS VARIATION

Figure 10.~ Variable impedance liner concepts,
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Figure 11.- Segmented liner spectra comparisons.
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Figure 12.- Hybrid inlet aerodynamic performance for OCSEE cngine.
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Figure 13.- Hybrid inlet acoustic performance for QCSEE engine.
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Figure 14.- Comparison of flight and projected
static noise histories for CF6-6 enpine,
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Figure 15.~ Comparison of flight and projected static
inlet sound pressure spectra for CF6-6 engine.
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